Introduction
============

Variation of evolutionary rate among lineages has been observed in various taxonomic groups ([@evy125-B121]; [@evy125-B74]; [@evy125-B40]; [@evy125-B79]; [@evy125-B98]; [@evy125-B42]; [@evy125-B63]; [@evy125-B30]; [@evy125-B116]). Rate change in different time periods can also occur (e.g., [@evy125-B111]; [@evy125-B4]; [@evy125-B98]). The rate of molecular evolution is affected by mutation rate and the extent of genetic drift and natural selection, which are related with many factors in species biology such as diversification rate, life history, body size, and environments. Therefore, it is important to find out rate variation to clarify the relationship between mutation rate and natural selection and how molecular evolutionary rate is related with phenotypic evolution and speciation (e.g., [@evy125-B14]).

Another reason to investigate the rate of molecular evolution is that the rate variation can affect the estimation of divergence times ([@evy125-B14]; [@evy125-B65]; [@evy125-B18]). Assumptions of the strict constant rate and varying rate sometimes generated disparate estimates of divergence times (e.g., [@evy125-B126]; [@evy125-B4]). Even though the methods that do not assume the strict constant rate are now available (e.g., [@evy125-B109]; [@evy125-B96]; [@evy125-B108]; [@evy125-B36]; [@evy125-B125]; [@evy125-B91]; [@evy125-B64]; [@evy125-B95]; [@evy125-B99]; [@evy125-B106]) and widely used, the estimates of divergence time are sensitive to the prior probability densities on calibration and rates ([@evy125-B115]; [@evy125-B34]; [@evy125-B7]; [@evy125-B32]; [@evy125-B21]) and not independent of choice of calibration points (e.g., [@evy125-B41]; [@evy125-B6]). Furthermore, the methods based on rate-smoothing (e.g., [@evy125-B96]) are not expected to work well when there is extensive rate variation ([@evy125-B51]).

In this study, long-term rate variation in bony vertebrates and the effect on the time estimation are investigated using the data set that consists of amino acid sequences of 625 genes for 25 bony vertebrates and the three calibration points, divergences between lobe-finned vertebrates and ray-finned fish, between mammals and sauropsids, and between holosteans (gar and bowfin) and teleost fish.

This study also provides an opportunity to investigate the divergence time using external calibration points. In time estimation studies calibration points within lineages such as mammals ([@evy125-B102]; [@evy125-B10]; [@evy125-B76]; [@evy125-B31]; [@evy125-B84]; [@evy125-B71]), birds ([@evy125-B56]; [@evy125-B89]), fish ([@evy125-B80]), and angiosperms ([@evy125-B73]) were often used. In these studies, a large number of species were included and a number of calibration points were set for estimating divergence times. However, many of the fossil records used for minimum ages for nodes can be affected by uncertainty of fossil assignment to lineages and incomplete fossil preservation ([@evy125-B100]; [@evy125-B85]; [@evy125-B21]) and choice of the calibration points affects the time estimates ([@evy125-B77]). This study, investigating the divergence times within mammals, sauropsids, and ray-finned fish, gives a complement to the previous time estimation studies, less subjected to these problems than the studies using internal calibration points.

In addition, the timing of divergences of orders of eutherian mammals and modern birds is particularly of interest because it has been controversial due to the scarcity of fossils in the Cretaceous Period (e.g., [@evy125-B44] for mammals and [@evy125-B60] for birds). Molecular studies supported the divergences of eutherian orders took place before the Cretaceous--Paleogene (K--Pg) boundary (66 Ma; [@evy125-B102]; [@evy125-B76]; [@evy125-B10]; [@evy125-B31]; [@evy125-B71]), whereas paleontological records supported occurrence of the divergences after the K--Pg boundary ([@evy125-B3]; [@evy125-B5]; [@evy125-B117]). Similarly, although fossil records indicate that only several basal bird lineages were in the Cretaceous ([@evy125-B60]), most of molecular studies supported diversification of major avian orders before the K--Pg boundary (e.g., [@evy125-B27]; [@evy125-B61]; [@evy125-B20]; [@evy125-B86]; [@evy125-B47]) except for recent genome-scale studies ([@evy125-B56]; [@evy125-B89]). By applying different rates within the lineages to time estimation, the rate changes within the lineages are also investigated.

Materials and Methods
=====================

Sequence Data and Estimation of Branch Lengths
----------------------------------------------

The amino acid sequence data for 28 species of jawed vertebrates ([fig. 1](#evy125-F1){ref-type="fig"} and [supplementary tables S1 and S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) that consist of 651 genes with 185,280 amino acid sites compiled by [@evy125-B105] were used. Partitioning the data can reduce underestimation and enhance the precision of estimated branch lengths ([@evy125-B38]; [@evy125-B2]). Therefore, the branch lengths were estimated for partitions obtained by PartitionFinder 1.1 ([@evy125-B62]) and the averages were taken by weighting them with the number of sites. The search using PartitionFinder by BIC criterion generated 24 partitions (16 for JTT model, [@evy125-B57] or JTT with amino acid frequencies estimated from the data (F), and 8 for LG, [@evy125-B66] or MTMAM, [@evy125-B124] +F under the assumption of rate variation across sites following the gamma distribution \[G\]) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The branch lengths were estimated for each partition fixing the tree topology ([fig. 1](#evy125-F1){ref-type="fig"}; [@evy125-B105]) with the substitution model obtained by the PartitionFinder ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) under the assumption of rate variation across sites following the gamma distribution with 8 discrete categories (G8) using codeml in PAML 4.9e ([@evy125-B123]). The option of "Small_Diff" in codeml was set to 0.5 × 10^−8^ for the branch length estimation to facilitate the accuracy. Four partitions with a long terminal branch leading to a single species were excluded for further analyses ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In the final sequence data set used the total numbers of genes and amino acid sites were 625 and 178,984, respectively, with no missing data. The sequence data are available from the author upon request.

![---Phylogenetic tree of 28 vertebrate species. The tree topology is from [@evy125-B105]. The branch lengths were estimated by the maximum likelihood method for each of 24 partitions obtained by PartitionFinder with BIC criterion and weighted averages were taken by excluding four partitions in which a single species had a long terminal branch (see Materials and Methods). Cartilaginous fish was used as outgroup. The numbers that follows N (N29--N54) are those given to internal nodes. The red circles indicate the three nodes used as calibration points in this study.](evy125f1){#evy125-F1}

In the preliminary analysis GTR model was also used for computation of branch lengths. The branch lengths were about up to ∼10% longer than those estimated by using the substitution models by PartitionFinder ([supplementary tables S3 and S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, the estimated times were mostly a few percent different from those using the substitution models suggested by PartitionFinder (data not shown). Therefore, the latter estimates of branch lengths were used for the analyses. The standard errors of the branch lengths were obtained by the curvature method, available as output of codeml. The average branch lengths from a node to the tips of the tree were obtained by computing the height of a node by repeatedly taking an average of the lengths of two descendant branches from tips toward the ancestral nodes. The rate on a branch was calculated as *r* =* b*/*t* where *r*, *b*, *t* are the rate, length and time length for the branch. In the time estimation in which the ratio of branch lengths is involved such that *b*1/*r* = (*b*1/*b*) × *t*, where *b*1 is length of a branch or a set of branches for which the time length is estimated for, the standard error was calculated by the delta method with approximation of the variance by Taylor expansion (e.g., [@evy125-B59]) assuming the normal distribution for branch lengths. The first order Taylor expansion of a function of random variables *x* and *y, f*(*x*, *y*) is $${f\left( {x,y} \right) \approx f\left( {\mu_{x},\mu_{y}} \right) + f}_{x}^{'}\left( {x - \mu_{x}} \right) + f_{y}^{'}\left( {x - \mu_{x}} \right),$$ where µ~*x*~ and *µ*~*y*~ are means of *x* and *y*, respectively. Then, variance of *f*(*x*, *y*), $Var\left( {f\left( {x,y} \right)} \right) = E\left\{ \left( f\left\{ {x,y} \right\} - E\left( f\left\{ {x,y} \right\} \right) \right.^{2} \right\}$, can be approximated as $$Var\left( {f\left( {x,y} \right)} \right) \approx \left. {E\left\lbrack f\left( {\mu_{x},\mu_{y}} \right) + f \right.}_{x}^{'}\left( {x - \mu_{x}} \right) + f_{y}^{'}\left( {x - \mu_{x}} \right) - f\left( {\mu_{x},\mu_{y}} \right) \right\rbrack^{2} = \left\lbrack {f_{x}^{'}\left\lbrack {\mu_{x},\mu_{y}} \right\rbrack} \right\rbrack^{2}Var\left( x \right) + 2f_{x}\left( {\mu_{x},\mu_{y}} \right)f_{y}\left( {\mu_{x},\mu_{y}} \right)Cov\left( {x,y} \right) + \left\lbrack {f_{y}^{'}\left\lbrack {\mu_{x},\mu_{y}} \right\rbrack} \right\rbrack^{2}Var\left( y \right)$$

In the phylogenetic tree used ([fig. 1](#evy125-F1){ref-type="fig"}), the relationship of elephant (Afrotheria), armadillo (Xenarthra) and the other eutherian mammals \[Boreoeutheria (Boreotheria)\] is not established ([@evy125-B44]). The sister relationship of elephant and armadillo ([fig. 1](#evy125-F1){ref-type="fig"}) was supported by previous studies such as [@evy125-B102], [@evy125-B101], and [@evy125-B71], but the earlier divergence of Afrotheria than Xenarthra was also supported by other studies ([@evy125-B83]; [@evy125-B75]; [@evy125-B94]). Studies of rare genomic changes such as retroposon insertions revealed rapid divergences of Afrotheria, Xenarthra and Boreoeutheria in a narrow evolutionary time period ([@evy125-B24]; [@evy125-B82]). The branch lengths were also estimated by assuming the other two possible tree topologies, but the lengths of the branches that connect these lineages were virtually the same, so the effect of these relationships on the time estimation would be small considering the short branches connecting them ([@evy125-B122]; [@evy125-B126]).

In our previous studies ([@evy125-B104], [@evy125-B105]) the statistical support was not high for the relationship of stickleback, pufferfish and the other teleost fish. However, the sister relationship of stickleback and pufferfish ([fig. 1](#evy125-F1){ref-type="fig"}) is consistent with other studies on fish phylogeny (e.g., [@evy125-B80]; [@evy125-B19]).

Fossil Calibration
------------------

To examine long-term rate variation in bony vertebrates, three calibration points were used for calculation of the evolutionary rate: 1) the split of ray-finned fish and lobe-finned vertebrates (N29 in [fig. 1](#evy125-F1){ref-type="fig"}; minimum 420.7 million years ago \[Ma\], soft maximum 444.9 Ma), 2) the split of mammals and sauropsids (N33) (min. 318 Ma, soft max. 332.9 Ma), and 3) the split of teleost fish and holosteans (gar and bowfin; Holostei) (N45) (min. 250 Ma, soft max. 331 Ma). The minimum and soft maximum fossil ages were taken from [@evy125-B9].

The fossil ages of the splits are not free from uncertainty (e.g., [@evy125-B78]). However, the split (1) is well constrained by the split of bony vertebrates and cartilaginous fish (min. 420.7 Ma, soft max. 468.4 Ma) and the split of tetrapod from coelacanth and lungfish (min. 408 Ma, soft max. 427.9 Ma). The fossil age of the split (2) is also considered to be well constrained by the first appearance of tetrapods and amniotes and less subjected to underestimation than those within mammals and birds ([@evy125-B49]; [@evy125-B61]). Although the minimum and maximum fossil ages of the split (3) have a large difference, I used them to see the rate difference in ray-finned fish.

The divergences at the stem branch of lobe-finned vertebrates (N30--N32) occurred within a relatively short time period of 87.8--127 Myr. The phylogenetic relationship of coelacanths, lungfishes, and tetrapods had been controversial due to the short time interval of the divergences and only recently the sister relationship of lungfish and tetrapods was strongly supported with the use of genome-scale data ([@evy125-B1]; [@evy125-B69]; [@evy125-B23]; [@evy125-B54]; [@evy125-B104], [@evy125-B105]). The divergence times within mammals and birds are still debated as stated in Introduction. Therefore, in this study I focused on the use of the three calibration points and variation of the long-term rates.

Time Estimation by Bayesian Method
----------------------------------

MCMCTree in PAML 4.9e ([@evy125-B123]) was used to obtain Bayesian time estimates. Following the instruction of MCMCTree tutorials in PAML package, a method of approximate likelihood calculation ([@evy125-B33]) was used. First, the Hessian matrix was generated by codeml for each partition by adjusting "rgene_gamma" parameters with average rates calculated from the estimated branch lengths. Then, the Hessian matrices of different partitions were concatenated and used as input of MCMCtree for divergence time estimation.

The time estimates were carried out under the relaxed-clock model for autocorrelated-rates model (ARM) and independent-rates model (IRM; [@evy125-B91]). The parameters of iterations of MCMC (Markov chain Monte Carlo) were set as burnin = 400,000, sampfreq = 5, nsample = 1,000,000. Using Tracer v1.6 ([@evy125-B90]), the effective sampling sizes (ESSs) were computed. ESSs were \>200 for all the nodes, indicating that the estimation of the posterior distributions of the node ages is not poor ([@evy125-B103]; [@evy125-B37]). Lower and upper bounds of fossil calibration were given to the three calibration points mentioned above. The left tail probabilities (*p~L~*) of the Cauchy distribution for divergence times were set to 10^−300^, and the right tail probabilities (*p~U~*) were set to 0.05 and 10^−300^ in all calibration points (see the section of mcmctree in PAML manual). RootAge was set as \<6.0 in the unit of 100 My. All the other parameters were set as default values. Because the results of two independent runs were very similar (data not shown), only the averages of two runs are shown ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To see fit of the ARM and the IRM to the data, Bayes factor, which is a ratio of a likelihood of one hypothesis over a likelihood of the other ([@evy125-B58]), was calculated.

Results
=======

Rate Variation among the Lineages
---------------------------------

To see among-lineage rate variation and rate differences in different time periods in bony vertebrates, substitution rates (the number of substitutions per site per 10^10^ years) from the three nodes (N29, N33, N45) (R29, R33, R45) of the phylogenetic tree ([fig. 1](#evy125-F1){ref-type="fig"}) are calculated, by dividing the branch lengths from the nodes to tips of the tree ([supplementary table S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) by the fossil ages of the nodes (see Materials and Methods). Rates between N29 and N33 and between N29 and N45 (R29--33 and R29--45) are calculated, by dividing the sums of the branch lengths between the two nodes by their time intervals ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The three nodes correspond to the divergences between lobe-finned vertebrates and ray-finned fish (N29, 427--444.9 Ma), between mammals and sauropsids (N33, 318--332.9 Ma) and between teleost fish and holosteans (gar and bowfin) (N45, 250--331 Ma). R29s are calculated for all bony vertebrates, R33s for amniotes, and R45s for ray-finned fish.

![---The substitution rates estimated by setting nodes 29, 33, 45 (N29, N33, N45) as calibration points (R29, R33, R45). Orange bars and gray bars indicate rates assuming minimum and maximum ages for the nodes, respectively. TFEZ: teleost fish excluding zebrafish. Holostean: gar and bowfin.](evy125f2){#evy125-F2}

As can be seen in the branch lengths of the tree ([fig. 1](#evy125-F1){ref-type="fig"} and [supplementary table S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), teleost fish have the highest R29 (5.17--5.47 for zebrafish and 6.24--6.60 for teleost fish excluding zebrafish \[TFEZ\]) and coelacanth has the lowest (2.64--2.79). Lungfish R29 (3.62--3.82) is 25% higher than that of coelacanth. Among tetrapods, R29 for frog (4.60--4.86) is higher than those for amniotes (3.32--4.55). In the ray-finned fish, holostean R29 (3.37--3.56) is 30--50% slower than those of teleost fish.

In the phylogenetic tree ([fig. 1](#evy125-F1){ref-type="fig"}), cartilaginous fish were used as outgroup to determine the root of the ingroup (bony vertebrates) (N29). The branch lengths from the root to cartilaginous fish are shorter (0.08--0.11) than any of those to bony vertebrates ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Although the position of the root on the branch connecting cartilaginous fish and bony vertebrates is not determined, it suggests that the evolutionary rate of cartilaginous fish is slower than those of bony vertebrates, consistent with a previous study ([@evy125-B110]).

Rates and Time Estimates at the Stem-Branch of Lobe-Finned Vertebrates
----------------------------------------------------------------------

By assuming the time interval between N29 and N33 as 87.8--127 My from the fossil ages of the two nodes, the rate for this stem branch (R29--33) (6.64--9.43) becomes about three times as high as R33s of amniotes. If this rate is assumed at the stem branch, the rates for coelacanth, lungfish, and frog after divergence from the stem branch at the external branch become 10--15% smaller than their R29s (rate E and F in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Because of this high rate at the stem branch, amniote R33s (1.95--3.41) are 25--40% smaller than their R29s and comparable to R29s of coelacanth and lungfigh ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

In order to see if the high rate estimated for the stem branch (R29--33) fits the fossil ages, divergence times at the stem branches of lobe-finned vertebrates between N29 and N33 are obtained using the R29--33. They are close matches to the fossil ages ([fig. 3](#evy125-F3){ref-type="fig"} and [supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). With these estimates, after the divergence between lobe-finned vertebrates and ray-finned fish (N29), it took 13--18 My to coelacanth divergence (N30), 9--13 My to lungfish divergence (N31), 41--50 My (N32) to frog divergence, and 25--37 My (N33) to the divergence between mammals and sauropsids ([supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). It should be noted that with the use of R29s of coelacanth and lungfish which are one third to a half of R29--33, the time interval between N29 and N33 become about two to three times (200--300 My) as long as that indicated by the fossil records ([supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Therefore, it is likely that the rate was high at the stem branch and slowdown occurred in the coelacanth and lungfish lineages after divergence.

![---The fossil ages and estimated times at the stem branch of by setting N29 and N33 as calibration points. Blue and black bars indicate minimum and maximum ages of fossil ages, respectively. Orange and gray bars indicate estimated times by assuming the minimum and maximum time intervals (87.8 and 128 My) between N29 and N33.](evy125f3){#evy125-F3}

Rates and Divergence Times in Mammals, Sauropsids, and Ray-Finned Fish
----------------------------------------------------------------------

Divergence times within mammals, sauropsids, and ray-finned fish are estimated by setting external calibration points, N33 for mammals and sauropsids (with the use of R33) and N29 and N45 for ray-finned fish (with the use of R29 and R45). It should be noted that with R29s for time estimation of mammals and sauropsids, which are \>30% higher than R33s, the time estimates for the divergence of the two groups become about 200 Ma or more recent and those within these groups will be unrealistically small (not shown).

There are rate differences within the lineages such that eutherian rate is higher than marsupial rate in mammals, lizard rate higher than turtle and bird rates in sauropsids, and teleost fish rate higher than holostean rate in ray-finned fish ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In the time estimation these different rates are used to see how they affect the time estimates and rate changes within the lineages are investigated by comparing the estimated times with fossil records.

Divergence Times and Rates within Mammals
-----------------------------------------

Divergence times within mammals estimated with R33 are shown in [figure 4](#evy125-F4){ref-type="fig"} and [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. R33s for eutherians (3.41--3.26) are ∼25% higher than those for marsupials (2.70--2.58; [fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The divergence times within mammals are estimated, by assuming the marsupial R33 and the eutherian R33 at the branch between N33 and N34 (divergence between eutherians and marsupials). With the marsupial R33 at the branch between N33 and N34, the times within eutherians (N35--N38) are obtained by re-estimating the eutherian rate after divergence at N34 (rate G in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), whereas with the eutherian R33 at the branch between N33 and N34, the time within marsupials (N39) is computed by re-estimating the marsupial rate (rate H in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Similarly, in the following, the time estimates within sauropsids and ray-finned fish are obtained by re-estimating the rates when the rate for different species or group is assumed at the ancestral branch ([supplementary tables S10 and S11](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![---The fossil ages and estimated times within mammals by setting N33 as a calibration point. Blue and black bars indicate minimum and maximum ages of fossil ages, respectively. Orange and gray bars indicate estimated times by setting the minimum and maximum fossil ages of N33 as calibration points. The solid vertical line indicates K--Pg boundary (66 Ma).](evy125f4){#evy125-F4}

Assuming the eutherian R33 between N33 and N34, the estimates for the divergence between marsupials and eutherians (N34) appears somewhat large (204--213 Ma) compared with the fossil age (156--170 Ma) and those within eutherians (N35--N38) (68--93 Ma) are all before the K--Pg boundary (66 Ma). Assuming the marsupial R33 between N33 and N34, the time for N34 (177--185 Ma) is closer to the fossil age and the estimates within eutherians became 10--20 My smaller (50--81 Ma), which are closer to or even younger than the K--Pg boundary ([fig. 4](#evy125-F4){ref-type="fig"}). In this case, however, the time estimate for N37 (50.0--52.4 Ma) is smaller than the fossil age (61.6--164.6 Ma). Therefore, it is unlikely that the rate at the ancestral branch (N33--N34) was as slow as the marsupial R33.

Divergence Times and Rates within Sauropsids
--------------------------------------------

Divergence times within sauropsids estimated with R33s are shown in [figure 5](#evy125-F5){ref-type="fig"} and [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. R33 for lizard (2.95--3.09) is higher than those for birds (2.47--2.59), and turtle (1.95--2.04; [fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Correspondingly, time estimates with the lizard R33 at the branches between N33 and N41 (turtle divergence) are larger than those with the bird and turtle R33s ([fig. 5](#evy125-F5){ref-type="fig"} and [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The estimates with the lizard R33 for the lizard divergence (N40) (271--284 Ma) and the turtle divergence (N41) (242--253 Ma) are good matches to the fossil ages of the nodes (255.9--295.9 Ma), whereas those with the turtle R33 (203--256 Ma) and that for N41 (228--238 Ma) with the bird R33 become much smaller than the fossil ages ([fig. 5](#evy125-F5){ref-type="fig"} and [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This result suggests that the rate at the ancestral branches between N33 and N41 was as high as the lizard R33 and slowdown of the rate occurred in the turtle and bird lineages. If we assume the lizard R33 at the ancestral branch(es), the rate at the turtle lineage become 16% smaller (1.64--1.71) than the turtle R33 and the rate at the bird lineage (2.32--2.43) 6% smaller than the bird R33 (rate I in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![---The fossil ages and estimated times within sauropsids by setting N33 as a calibration point. Blue and black bars indicate minimum and maximum ages of fossil ages, respectively. Orange and gray bars indicate estimated times using the minimum and maximum fossil ages of N33 as calibration points. The solid vertical line indicates K--Pg boundary (66 Ma). The dotted vertical line indicates the minimum fossil age of N40 and N41.](evy125f5){#evy125-F5}

By assuming the lizard R33 at the branches between N33 and N41, time estimates for the divergences between Neoaves (flycatcher) and Galloanserae (chicken, turkey and duck) (N42), between Anseriformes (duck) and Galliformes (chicken and turkey) (N43) and between chicken and turkey (N44), become 106--110 Ma, 80--83.6 Ma, and 29.5--30.9 Ma, respectively. The first two estimates are well before the K--Pg boundary ([fig. 5](#evy125-F5){ref-type="fig"} and [supplementary table S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Time Estimates and Rates for Ray-Finned Fish
--------------------------------------------

Divergence times within ray-finned fish, by using R29s and R45s for zebrafish and TFEZ in [figure 6](#evy125-F6){ref-type="fig"} and [supplementary table S11](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. Whereas the zebrafish rates (5.17--5.47 for R29s and 4.52--5.99 for R45s) are slightly smaller than the TFEZ rates (6.24--6.60 for R29s and 5.96--7.89 for R45s), the holostean rates (3.37--3.56 for R29s and 2.10--2.78 for R45s) are much smaller (59--65% for R29 and 40--46% for R45) than those of zebrafish and TFEZ. The estimates for the divergence between holosteans and teleost fish (N45) with the holostean R29s are much smaller than the fossil age, and those within the teleost fish lineage (N46--N51) also tend to be smaller than the fossil ages with the holostean R29s and R45s (not shown). In contrast the time estimates with the zebrafish and TFEZ rates are within the range of or larger than the fossil ages, although time estimates with the zebrafish R29s are slightly smaller than those with the TFEZ R29s. The estimates with zebrafish and TFEZ R45s become slightly smaller or larger than those with their R29s, depending whether the rate was calibrated with the minimum or maximum of the fossil age of N45, but they are also consistent with the fossil ages.

![---The fossil ages and estimated times in ray-finned fish by setting N29 and N45 as calibration points. Blue and black bars indicate minimum and maximum ages of fossil ages, respectively. Orange and gray bars indicate estimated times.](evy125f6){#evy125-F6}

Similarly to R33s for amniotes, R45s for holosteans (2.10--2.78) are 20--40% smaller than their R29s ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Correspondingly, by assuming the time intervals of the fossil ages of N29 and N45 (89.7--195 My), the rate between the two nodes (R29--45) (4.12--8.96) becomes two to three times higher than the holostean R45s. In contrast R45s of zebrafish and TFEZ are about 10% larger than their R29s estimated with the minimum age of N45 (250 Ma) but those with the maximum age (331 Ma) are 5--20% smaller (4.52 for zebrafish and 5.96 for TFEZ) than their R29s. Accordingly, the R29--45 with the minimum time interval (89.7 My) is 10--30% higher than R45 of TFEZ and zebrafish, but that with the maximum interval (195 My) is 50--10% smaller ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These results suggest that slowdown of the rate occurred in the holostean lineage after divergence from the stem branch, but the rate in the teleost fish could have become either higher or lower than that at the stem branch, depending on whether the minimum or maximum time interval is assumed for the stem branch.

Discussion
==========

High Rate in the Stem Lineages and Slowdown of the Rates in the Peripheral Branches in Bony Vertebrates
-------------------------------------------------------------------------------------------------------

This study estimated amino acid substitution rates using 625 orthologous genes of 25 bony vertebrates using the fossil ages of the three nodes (N29, N33, and N45) corresponding to the divergences of lobe-finned vertebrates and ray-finned fish, mammals and sauropsids, and holosteans and teleost fish. In the results the rate at the stem branch of lobe-finned vertebrates (R29--33) was higher than those of coelacanth, lungfish, and frog, which diverged from the stem lineage, and amniotes after divergence at N33 (R33) ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The rate at the stem branch of ray-finned fish (R29--45) was also much higher than that of holosteans (R45). The teleost fish R45 was higher than that in the stem branch (R29--45) when the minimum fossil age (250 Ma) was assumed for the divergence between holosteans and teleost fish (N45). However, with the maximum fossil age for N45 (331 Ma), which gives a narrow interval between N29 and N45 (87.8 My), the rate at the stem branch became higher than that of teleost fish ([fig. 2](#evy125-F2){ref-type="fig"} and [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Therefore, it is possible that slowdown of the rate occurred even in the teleost fish. The high rates at the stem branches and the slowdown at the peripheral branches may be related with such factors as high diversification rate at the stem branches and increase of body size at peripheral branches. Note that the high diversification rate at the stem branch of lobe-finned vertebrates was suggested by fossil records indicating that lobe-finned fishes were dominant in number of species for many million years in the Paleozoic (∼540--250 Ma) and many lineages existed, although at the end of the Paleozoic only coelacanths, lungfishes and tetrapods remained and ray-finned fish became dominant in water ([@evy125-B25]). However, it needs future investigation because the evolutionary rate is a complex function of many factors involved in the species diversification rate ([@evy125-B42]; [@evy125-B63]; [@evy125-B39]), life history (e.g., generation time \[[@evy125-B68]; [@evy125-B17]; [@evy125-B98]; [@evy125-B107]\], life span \[[@evy125-B79]; [@evy125-B114]\]), body size ([@evy125-B13]; [@evy125-B118]; [@evy125-B45]), and environment (e.g., [@evy125-B28]; [@evy125-B120]; [@evy125-B72]).

There are uncertainties associated with the fossil ages used in this study. However, considering the fossil ages of such divergences as those between cartilaginous fish and bony fish (420--468 Ma) or between lobe-finned fish and tetrapods (408--427.9 Ma), which occurred before or after the divergence between cartilaginous fish and bony fish (N29), change of the age of N29 (420.7--444.9 Ma) would be limited to a narrow range (fossil ages are from [@evy125-B9]). This is also the case for the age of divergence of mammals and sauropsids (N33) (318--332.9 Ma) that took place after the divergence between amphibians and amniotes (337--351 Ma) and before the divergence of lizard, turtle, and birds (255.9--295.9 Ma). The rate of the stem branch of lobe-finned vertebrates (R29--R33) was two to three times higher than R33, by assuming the time interval (87--123 My). Therefore, even if the actual ages of N29 and N33 could be older than the assumed age, the conclusion that the R29--R33 at the stem branch was higher than R33 at peripheral branches would not change.

It should be also noted that the high rate at the stem branch is not an artifact of underestimation of branch lengths. If inappropriate substitution models are used for branch length estimation, branch lengths could be underestimated. However, in such a case lengths of deep branches would be more underestimated than those of shallow ones. Then, the rates in deep branches would become smaller relative to the rates at shallow branches.

Rate Variation in Different Time Periods and Molecular Time Estimation
----------------------------------------------------------------------

With the use of molecular sequence data much older divergence times were often generated than the fossil records ([@evy125-B87]; [@evy125-B8]; [@evy125-B60]). A good example is the time of early animal evolution for which reliable fossils are scarce before the Cambrian Period (541--485 Ma; [@evy125-B15]; [@evy125-B52]; [@evy125-B67]; [@evy125-B41]). Extrapolation of rates at shallow branches often led to large estimates at deep nodes in early studies (e.g., \>1200 Ma \[[@evy125-B119]; [@evy125-B16]\], 830 Ma \[[@evy125-B46]\]; \>970 Ma \[[@evy125-B81]\]). Using the relaxed-clock methods, in which the time estimates can be constrained by multiple calibration points, the estimates became relatively younger (∼600--1300 Ma; [@evy125-B35]; [@evy125-B48]; Petersen et al. 2004; [@evy125-B43]; [@evy125-B29]).

However, in addition to the choice of calibration points the estimated times can vary due to the assumptions used in the analyses such as the time prior and the maximum for the root age and models of rate change among branches (e.g., independent or autocorrelated; [@evy125-B91]) in the relaxed-clock method (e.g., [@evy125-B51]; [@evy125-B113], [@evy125-B112]; [@evy125-B6]; [@evy125-B32]; [@evy125-B29]; see also the section of Bayesian Time Estimates below). Therefore, understanding the pattern of rate variation in different time periods is necessary to improve the modeling in time estimation. Clear evidence of the high rates at the stem branches of lobe-finned vertebrates in this study contributes to the improvement in the time estimation method.

Whole Genome Duplication and the High Rate of Teleost Fish
----------------------------------------------------------

It has been recognized that genes of teleost fish evolve faster than those of mammals (e.g., [@evy125-B92]; [@evy125-B55]; [@evy125-B1]; [@evy125-B110]). In this study rates of teleost fish (R45) were also higher than those for mammals (R33). The whole genome duplication that occurred at the common ancestor of teleost fish (TGD) was thought to have facilitated the high rate of teleost fish ([@evy125-B26]; [@evy125-B12]). However, a previous study showed that teleost fish genes, whether they are duplicates or singletons, generally have higher nonsynonymous to synonymous substitution rate ratio (Ka/Ks) than their orthologs in mammals ([@evy125-B22]). In addition, one of the paralogs of \>70--80% of the duplicated genes at TGD was already lost in the present teleost fish genomes (e.g., [@evy125-B22]; [@evy125-B11]; [@evy125-B53]) and most of the losses occurred rapidly within 60 My after TGD ([@evy125-B53]). These results suggest that the high rate of teleost fish was not due to TGD and that it is possible that the rate of ray-finned fish was high even before the divergence of teleost fish and holosteans. It is consistent with this study that R29--45 was higher than mammalian R33s for both the minimum and maximum time intervals between N29 and N45 and that slowdown of the rate possibly occurred in the teleost lineage if the maximum of the fossil age is assumed for N45.

Slow Rate of Coelacanth
-----------------------

The branch length from the root of the tree is the shortest for coelacanth among the bony vertebrates ([fig. 1](#evy125-F1){ref-type="fig"} and [supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, see also [@evy125-B1]; [@evy125-B12]). Accordingly, the average rate from the root (R29) was the lowest for coelacanth ([supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online and see [@evy125-B1]; [@evy125-B12]). However, the fast rate on the stem branches of lobe-finned vertebrates and ray-finned fish was taken into accounts, the rates of birds (2.32--2.43, rate I in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) and marsupials (2.30--2.41, rate H in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) (R33), as well as that of holosteans (2.40--2.54, rate M in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) (R45) became similar to or lower than the rate of coelacanth (2.45--2.56, rate E and F in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The rate of turtle (1.64--1.71, rate I in [supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) (R33) was the lowest ([supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) among all examined in this study.

Interval of Coelacanth and Lungfish Divergences and Incomplete Lineage Sorting (ILS)
------------------------------------------------------------------------------------

The phylogenetic relationship among coelacanth, lungfish, and tetrapod was difficult to resolve because of the short internal branch between the divergences of coelacanth and lungfish and their long external branches. However, recent studies using the coelacanth genome data firmly determined that lungfish is closer to tetrapod than coelacanth ([@evy125-B1]; [@evy125-B69]; [@evy125-B23]; [@evy125-B54]; [@evy125-B104], [@evy125-B105]). With this established tree topology, the interval of the divergences of coelacanth and lungfish was estimated as ∼10 My with the fast rate of the stem branch of lobe-finned vertebrates (R29--33) ([supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The population sizes of bony vertebrates generally appear relatively small (in the order of 10^5^ or smaller; [@evy125-B93]). Therefore, it is likely that the coalescence time of alleles (4N generations) is smaller than the interval of the coelacanth-lungfish divergence, so that the effect of ILS is small in the phylogenetic signals for coelacanth, lungfish, and tetrapod. In fact, in the phylogeny construction of coelacanth, lungfish and tetrapod, whether outgroup was highly divergent (teleost fish) or not (cartilaginous fish and holosteans) had a strong effect on the constructed tree topology and the effect of ILS appeared to be small ([@evy125-B104], [@evy125-B105]).

In contrast, at the root of the eutherian clade, the length of the internal branch connecting elephant (Afrotheria) and armadillo (Xenarthra) was ∼20% of that of the branch between the divergences of coelacanth and lungfish ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). ILS has been considered to be a major source of difficulty in inferring mammalian phylogeny (e.g., [@evy125-B75]; [@evy125-B101]). Although a recent study indicated that the effect of ILS is small (∼0.12%) in the misleading signals of mammalian phylogenies ([@evy125-B97]), a massive extent of ILS of retroposon insertions among Afrotheria, Xenarthra, and other eutherians (Boreoeutheria) has been observed ([@evy125-B24]; [@evy125-B82]). [@evy125-B71] also found that the coalescence analysis generated more congruent tree topologies than the concatenation analysis.

Divergence Times within Mammals and Sauropsids
----------------------------------------------

In mammals the estimates of the divergences within eutherians were ∼70--90 Ma by assuming the eutherian rate (R33) at the ancestral branch before the eutherian-marsupial divergence and ∼50--80 Ma by assuming the marsupial rate. Previous studies that used the divergence of mammals and sauropsids (N33) as a calibration point, similarly to this study, provided older estimates for the divergences of eutherian groups (\>100 Ma; [@evy125-B49]; [@evy125-B61]). However, the estimates of this study were close to or even younger than the estimates in previous studies that used calibration points within eutherians (80--90 Ma; [@evy125-B102]; [@evy125-B76]; [@evy125-B31]). This result suggests the closeness of eutherian interordinal divergence to the K--Pg boundary (66 Ma) and favors that the ordinal divergence started in the Cretaceous and continued across the K--Pg boundary (trans-KPg model; [@evy125-B71]).

In mammals, time estimates assuming the eutherian R33 at the ancestral branch (N33--N34) were more likely than those assuming the marsupial R33. In addition, in the sauropsid lineage, it appeared likely that the rate was as high as the lizard rate (R33) at the ancestral branches before the turtle-bird split (N33--N41) and slowed down in the turtle and bird lineages, considering the old fossil ages of these nodes (N40 and N41) (255.9--296 Ma), in comparison to the time estimates by assuming the turtle and bird rates at the ancestral branch between N33 and N41. By assuming the lizard rate at the ancestral branch, the divergence between Gallloanserae (Galliformes \[chicken and turkey\] and Anseriformes \[duck\]) and Neoaves (Passeriformes \[flycatcher\]) became 106--110 Ma, and that between Galliformes and Anseriformes 80--84 Ma. These estimates are larger than those of previous studies that used within-lineage calibration points (∼90 Ma and ∼65 Ma in [@evy125-B56] and ∼70 Ma and 55 Ma in [@evy125-B89]), in contrast to the estimates for mammals which were similar to or younger than those in these previous studies, although the previous study using the external calibration point (N33) generated a much larger estimate (112 Ma) for the divergence of Galliformes and Anseriformes ([@evy125-B61]).

Bayesian Time Estimates
-----------------------

Time estimates by the Bayesian method with MCMCTree ([@evy125-B123]) were carried out using the three nodes (N29, N33, N45) as the calibration points ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) for the ARM and the IRM ([@evy125-B91]). The two values were used for the right tail probability (*p~U~*) for the fossil calibration prior (*p~U~* = 0.05 and 10^−300^) were used. The time estimates with *p~U~* = 0.05 were larger than those with *p~U~* = 10^−300^ at the majority of the nodes, as expected. However, the difference of the estimates with the two *p~U~* values were small (\<3 My for the ARM and \<7 My for the IRM). Even in most of nodes of mammals for both the ARM and the IRM and amniotes for the ARM the estimates with *p~U~* = 0.05 were smaller than those with *p~U~* = 10^−300^.

The estimates with the ARM and the IRM were similar to each other at the stem branch of lobe-finned vertebrates (between N30 and N33), with the former being mostly slightly larger (\<10 My) than the latter. In contrast the difference of the estimates with the ARM and the IRM were quite large within amniotes (27--64 My) with the former being higher than the latter and within ray-finned fish (4--51 My) with the former being smaller than the latter. Note that the IRM estimates were larger than the ARM estimates at the root of the whole tree including cartilaginous fish and at the root of bony vertebrates (N29) for *p~U~* = 0.05.

In the result, the rates of ray-finned fish were generally higher than those of amniotes ([supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, in the IRM the rates are assigned to all branches assuming a common distribution function with a mean of the average rate. Therefore, rates slower than the actual rates would be assigned to branches in ray-finned fish with fast rate and rates faster than the actual rates would be assigned to branches in amniotes. Because of this rate assignment with the IRM, the time estimates in ray-finned fish tend to be large, even in comparison to the time estimates of this study using the rates directly estimated with the branch lengths and the fossil age of the calibration points.

With the ARM, the rates are assigned to descendant branches assuming that they are a certain function of the rate at the ancestral branch (in MCMCTree the log-normal distribution). The rates appear to be correlated particularly in the branches nearby. However, the fit of IRM and ARM to data has been controversial ([@evy125-B36]; [@evy125-B70]; [@evy125-B50]; [@evy125-B18]). The extent of the correlation may not be the same in all over the tree ([@evy125-B50]; [@evy125-B65]). Therefore, the current implementation of the pattern of correlation of rates in the ARM may not be appropriate. The overall likelihood value for ARM was slightly lower than that for IRM ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), but the values of the Bayes factor, a ratio of the likelihood values, were close to 1. So, there was no indication of which model fits better ([@evy125-B58]; [@evy125-B18]) and it is difficult to decide *a priori* which model to be used in this case.
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